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The Drosophila melanogaster ventral nerve cord derives from neural progenitor cells called neuroblasts. Individual neuroblasts have unique
gene expression profiles and give rise to distinct clones of neurons and glia. The specification of neuroblast identity provides a cell intrinsic
mechanism which ultimately results in the generation of progeny which are different from each other. Segment polarity genes have a dual function
in early neurogenesis: within distinct regions of the neuroectoderm, they are required both for neuroblast formation and for the specification of
neuroblast identity. Previous studies of segment polarity gene function largely focused on neuroblasts that arise within the posterior part of the
segment. Here we show that the segment polarity gene midline is required for neuroblast formation in the anterior-most part of the segment.
Moreover, midline contributes to the specification of anterior neuroblast identity by negatively regulating the expression of Wingless and
positively regulating the expression of Mirror. In the posterior-most part of the segment, midline and its paralog, H15, have partially redundant
functions in the regulation of the NB marker Eagle. Hence, the segment polarity genes midline and H15 play an important role in the development
of the ventral nerve cord in the anterior- and posterior-most part of the segment.
© 2006 Elsevier Inc. All rights reserved.Keywords: Drosophila melanogaster; Neurogenesis; Segment polarity genes; midline; H15; Neuroblast formation; Cell fate specificationIntroduction
The comparatively simple embryonic ventral nerve cord
(VNC) of Drosophila melanogaster is an excellent model
system in which to study the mechanisms that link pattern
formation and the generation of cell-type diversity. Cell-type
specification via the segment polarity genes represents one
such link: in the neuroectoderm (NE), segment polarity genes
establish a repeated, intrasegmental pattern which results in
cell-type specification in the presumptive epidermis and the
neural progenitor cells which give rise to the VNC (Patel et⁎ Corresponding author. Fax: +44 2078486550.
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doi:10.1016/j.ydbio.2006.01.016al., 1989). Recently, the segment polarity genes midline (mid)
and H15 were shown to pattern the NE by negatively
regulating the expression of the wingless (wg) gene
(Buescher et al., 2004). Here we describe the roles of mid
and H15 in the formation and specification of neural
progenitor cells.
The VNC is segmented and bilaterally symmetric compris-
ing a repeated array of hemisegments. Each mature hemiseg-
ment contains approximately 350 neurons and 30 glia
representing highly diversified groups of cells. For example,
each neuron is characterized by unique features such as the
position of the cell body, its axonal projection, dendritic
elaboration and neurotransmitter production. Similarly, differ-
ent glial subtypes perform unique functions such as guidance
during axon pathfinding, trophic support and the regulation of
neuronal proliferation/survival.
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cells called neuroblasts (NBs). In a complex process, involving
the proneural and the neurogenic genes, individual cells within
the NE are singled out and develop as NBs (for review:
Campos-Ortega, 1995). The acquisition of NB-fate is accom-
panied by the initiation of expression of “universal” NB marker
genes, such as asense (ase) (Jarman et al., 1993) and worniu
(wor) (Yu et al., 2000). In total, approximately 30 NBs per
hemisegment delaminate from the neuroectoderm (NE) in five
successive waves (SI–SV) and form a stereotyped array of
seven antero-posterior (AP) rows and three dorso-ventral (DV)
columns (for review:Goodman and Doe, 1993). Each NB has a
unique identity which is manifest in a specific gene expression
profile and undergoes a stereotyped program of successive
divisions to generate unique intermediate progenitor cells called
ganglion mother cells (GMCs). Each GMC divides once to
produce a pair of post-mitotic neurons or glia. In this way, each
NB gives rise to a largely invariant clone of distinct neurons/glia
(Bossing et al., 1996; Schmid et al., 1999; Schmidt et al., 1997).
Hence, the specification of individual NB identities provides a
cell intrinsic mechanism which ultimately results in the
generation of progeny which are different from each other.
Each NB acquires a unique identity based on the position in
which it develops. Positional information is provided by two
groups of genes which pattern the embryo along the DVand AP
axes, respectively. Overlapping expression of these genes
subdivides the NE into a Cartesian grid in which each position
is characterized by unique positional information. Along the
DVaxis, patterning genes are expressed in adjacent longitudinal
columns and confer ventral, intermediate and lateral identity,
respectively, to the NBs that arise within these domains (Skeath,
1999; von Ohlen and Doe, 2000). Patterning along the AP axis
is governed by the segment polarity genes which subdivide each
segment into a series of transverse stripes and confer distinct
identities to NBs which form in different antero-posterior rows
(for review: Bhat, 1999; Skeath, 1999 and references therein).
In segments polarity gene mutants, NBs are often misspecified
in that NBs which form in one particular row adopt the identity
of NBs which develop in an adjacent row. Furthermore,
segment polarity gene function is required for the formation
of NBs: in loss-of-function mutants, often entire rows of NBs
fail to form. Expression of the segment polarity genes is
initiated in the cellular blastoderm and hence their gene
products are present in the NE prior to NB formation. They
continue to be expressed in subsets of NBs and are often
retained in the neuronal and glial progeny of these NBs.
Previous studies of segment polarity gene function have
focused mainly on the posterior part of the segment. These
studies have revealed an intricate regulatory network involving
the wg, engrailed (en), invected (inv), gooseberry (gsb) and
patched (ptc) genes underlying the formation and specification
of NBs in the posterior part of the segment (Bhat, 1996; Bhat
and Schedl, 1997; Chu-LaGraff and Doe, 1993; Skeath et al.,
1995; Zhang et al., 1994). By contrast, the formation and
specification of NBs in the anterior-most part of the segment are
less well understood. Here we present a study of the segment
polarity genes mid and H15 which are expressed in the NE ofthe anterior- and posterior-most part of each segment. Mutations
affecting mid were first identified in a screen for segmentation
defects (Nusslein-Volhard et al., 1984) and additional alleles
have been identified in screens for axon guidance defects in the
peripheral nervous system (lost in space) (Kolodziej et al.,
1995) and the ventral nerve cord (Seeger et al., 1993). We
cloned the mid gene and showed that it encodes a T-box
transcription factor (CG6634) (Buescher et al., 2004). The mid
gene is flanked by its paralog H15 (CG6604) (Brook et al.,
1993). In this study, we show that mid and H15 are largely co-
expressed in the NE, several identified NBs and a subset of the
putative neuronal and glial progeny of these NBs. We
demonstrate that mid, but not H15, is required in the NE for
the formation and specification of NBs in the anterior-most part
of the segment. Furthermore, in individual NBs, mid and H15
have partially redundant functions in the regulation of NB
marker gene expression. Accordingly, in the mature ventral
nerve cord ofmidline andH15-deficient embryos, we find a loss
of neurons and a misspecification of individual neuronal/glial
fates.
Materials and methods
Flystocks
Wild-type expression patterns were analyzed in Canton-S embryos or
embryos heterozygous for midGA174 or mid1. The alleles midGA174, mid1, mid2,
the deficiencies Df(2L)x528, Df(2L)GpdHA, H15x4 and the transgenic stock
carrying UAS-mid. 1.4 have been described (Buescher et al., 2004). enGal4 was
obtained from A. Brand (Brand and Perrimon, 1993). w; P{RN2-Gal4}E, P
{UAS-tau-lacZ.B}was obtained from the Bloomington stock center. All alleles
were balanced over CyO ftzlacZ or CyOwglacZ to facilitate the identification of
homozygous mutant embryos. All strains were raised at 22°C on standard corn
meal agar medium.
Phenotypic analysis
Embryos were collected, fixed and immunostained as previously described
(Patel, 1994). Polyclonal primary antibodies were rabbit anti-Eve (1:1500)
(Patel et al., 1989), rabbit anti-Eg (1:500) (Higashijima et al., 1996), rabbit anti-
Mirr (1:500) (McNeill et al., 1997), mouse anti-Wor (1:1000) (Yu et al., 2000)
and chicken anti-βGal (1:3000) (Abcam). Monoclonal primary antibodies were
anti-En/Inv (4D9, developed by C. Goodman), anti-Wg (4D4, developed by S.
Cohen), anti-Repo (8D12, developed by C. Goodman) and anti-Wrp (10D3,
developed by C. Goodman). The respective hybridomas were obtained from the
Developmental studies Hybridoma Bank developed under the auspices of the
National Institute of child Health and Human development (NICHD) and
maintained by the University of Iowa, department of Biological sciences, Iowa
city, IA 52242. Histochemical detection was performed with Jackson
Immunoresearch Laboratories HRP-conjugated secondary antibodies (anti-
Mouse, anti-Rabbit and anti-Chicken antibodies) and visualized by the glucose-
oxidase DAB-nickel method as previously described (Shu et al., 1988).
Fluorescent secondary antibodies were obtained from Jackson Immunoresearch
Laboratories (Cy3- and FITC-conjugated anti-Mouse and anti-Rabbit anti-
bodies) or from Stratech (Cy3-conjugated anti-Chicken antibody). RNA in situ
hybridization was carried out as described previously (Tautz and Pfeifle, 1989)
using a mid-specific RNA in situ probe (Buescher et al., 2004) or a H15-specific
RNA probe. To generate a H15-specific RNA probe, we subcloned H15
genomic sequence into Bluescript vector followed by in vitro transcription using
T7 RNA polymerase. Images of DAB-stained embryos were taken using
Nomarski optics (Zeiss Axioplan 2 compound microscope). Images of
fluorescent stainings were taken using a Zeiss LSM 510 laser scanning confocal
microscope. All images were processed using Adobe Photoshop CS.
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Previous studies showed that the mid RNA expression
pattern is typical of segment polarity genes (see Buescher et al.,
2004 for a detailed description of the neuroectodermal
expression of mid; additional expression data are published in
Griffin et al., 2000; Qian et al., 2005); the results of these studies
are summarized here in Fig. 1). Briefly, from stage 5 onwards,
mid is expressed in 14 stripes, with those in presumptive, odd-
numbered abdominal segments being wider and more intensely
stained than those in even-numbered abdominal segments. UpFig. 1. Expression profiles ofmid andH15 RNA in the NE. Top panel: summary of the
which delaminate from within this part of the NE (anterior is up) (for experimental de
dark blue color; weakmid/H15 RNA expression is shown by light blue color. Note the
9. Bottom panels A–C mid RNA expression at different stages in development. (A)
stages in development. (D) Stage 6; (E) stage 7; (F) late stage 9. Note that prior to stagto stage 9 mid RNA is co-expressed with En, but also extends
two to three rows of cells posteriorly to the En domain in the
odd-numbered stripes. During stage 9, these odd-numbered
stripes narrow, and from late stage 9 until the end of stage 11,
mid colocalizes exactly with the En domain in all stripes.
During stage 12, mid expression within the En domain decays
and is subsequently re-initiated in a narrow stripe posterior to
the En domain, which is maintained until the end of
embryogenesis. Hence, mid RNA is found in the NE from
which early and late born (SI–SV) row 6 and row 7 NBs arise
and – in odd-numbered abdominal segments – that from whichneuroectodermal expression profiles ofmid andH15 relative to the rows of NBs
tails, see Buescher et al., 2004). Robust mid/H15 RNA expression is indicated by
difference between odd- and even-numbered abdominal segments prior to stage
Stage 6; (B) Stage 7; (C) Late stage 9. (D–F) H15 RNA expression at different
e 7 H15 RNA is not present in the NE. (A–F) Lateral view; anterior is to the left.
421M. Buescher et al. / Developmental Biology 292 (2006) 418–429early born (SI–SII) row 1/2 NBs derive (figure top panel; we
refer to the row of NBs posterior to the En domain as row 1/2,
because it produces row 1 and row 2 NBs). The mid gene is
flanked by its paralog H15 which has previously been shown to
have partially redundant function with mid (Buescher et al.,
2004; Miskolczi-McCallum et al., 2005; Qian et al., 2005; Reim
et al., 2003). Using an H15-specific RNA probe, we determined
that H15 RNA is first observed in segmentally repeated stripes
at stage 7, that is considerably later than mid (compare Figs. 1B,
E) and initially at a much lower level than mid expression
although at later stages, H15 expression levels increase and
from stage 9 onwards are comparable to mid expression levels
(Figs. 1C, F). Like early mid stripes (prior to stage 9), early H15
stripes in presumptive odd-numbered abdominal segments are
wider and more intensely stained than stripes in even-numbered
segments.
To examine mid/H15 expression in NBs, we stained wt
embryos with a mid-specific RNA in situ probe and stained the
viable lacZ enhancer trap H15 with anti–β-galactosidase
(βgal). mid-specific RNA in situ studies showed that all NBs
that delaminate from mid-positive NE transiently express mid
but in most NBs expression rapidly decays. However, two SI
NBs and one SII NB accumulate and maintain high levels of
mid RNAwhile a second SII NB maintains lower levels of mid
expression (Fig. 2A). These mid-positive NBs appear posteri-
orly adjacent to the Wg expression domain (Fig. 2B). H15-lacZ
expression in NBs is indistinguishable from that of mid
(compare Figs. 2A, D, D′). To identify the mid/H15-positiveFig. 2. mid andH15 are expressed in the same subset of NBs. (A–C)mid expressing N
at the ventral midline. (B) Stage 11; mid RNA in situ (blue) combined with anti-Wg a
domain. (C) Stage 9; mid RNA in situ (blue) combined with anti-Wor antibody stainin
H15lacZ protein expression in NBs and theMNB. (D) Stage 11; anti-βGal staining. H
is seen in a fourth NB. (E, F) Double-labeling with anti-βGal (red) and anti-En (gree
NBs. (F) Stage 11; note that H15lacZ andEn are co-expressed in theMNB/its early prog
that H15lacZ and Eg expressions are non-overlapping. Anterior is up in all panels. Ar
(white) lines indicate the ventral midline. Cartoon: Summary of mid/H15lacZ expresSI NBs, we performed double label experiments with an
antibody against Worniu (Wor), which is expressed in all NBs
(Yu et al., 2000). At early stage 9, anti-Wor labels nine SI NBs
which can be identified based on their positions and we were
able to identify the mid-positive NBs as NB2-5 and NB7-4 (Fig.
2C). To identify the two SII mid/H15-positive NBs, we mapped
their positions along the AP and DV axes relative to the En
stripe and the NB marker gene eagle (eg) (Higashijima et al.,
1996) (Figs. 2E, G). Our results indicate that these SII NBs are
En-positive and form medially, adjacent to the Eg-positive
NB7-3, identifying the mid/H15-positive SII NBs as NB1-2 and
NB7-2. From stage 10 onwards, mid/H15 expression was also
found at the ventral midline: time of birth, position and the co-
expression of En identify this cell/cell cluster as the MNB (Figs.
2B, C and D) or its early progeny (Figs. 2A, F).
Expression of mid/H15 in the developing nerve cord
increases up to stage 14 when each hemisegment contains
approximately 50 (thorax) or 40 (abdomen) mid/H15-positive
cells (data not shown). After stage 14, some mid expression
decays so that at the end of embryogenesis (stage 16/17) all
hemisegments contain approximately 15 cells which express
mid (Fig. 3A). H15 RNA is observed in a similar pattern (Fig.
3B). By contrast, at stage 16, H15lacZ expression is found in a
larger number of cells, probably reflecting the perdurance of
LacZ protein (Fig. 3C).
Most mid/H15-positive cells are neurons as assayed using
the neuron-specific anti-Elav antibody (data not shown).
However, we observed co-expression of H15-lacZ and theBs shown by RNA in situ. (A) Stage 11;midRNA is found in four lateral NBs and
ntibody staining (brown). mid expressing NBs are located posteriorly to the Wg
g (brown). Note that mid is expressed in two SI NBs: NB7-4 and NB2-5. (D–G)
15 is strongly expressed in the same set of NBs asmid. (D′) Weak H15 expression
n). (E) Stage 9; note that H15lacZ expression and En expression overlap in three
eny. (G) Stage 11; double-labelingwith anti-βGal (red) and anti-Eg (green). Note
rows indicate lateral NBs; arrowheads mark the MNB or its early progeny. Black
sing NBs (red) and Eg expressing NBs (green).
Fig. 3. mid RNA and H15lacZ protein are expressed in neurons and glia. (A) Stage 16; mid RNA in situ. (B) Stage 16; H15 RNA in situ. (C) Stage 16; H15lacZ
staining. Note that due to the perdurance of LacZ protein, many cells appear weakly stained. (D–F) Stage 16; three different focal planes of an H15lacZ (red) and anti-
Repo (green) double-staining. (D) Ventral-most cells. H15 is expressed in the ventral channel glia (arrowhead) and one lateral glial cell (arrow). (E) More dorsally
located cells. H15lacZ is expressed in one to two lateral glial cell(s) (arrow). (F) Dorsal-most cells. H15lacZ is expressed in the dorsal channel glia (arrowhead). (G–I)
Stage 16; three different focal planes of an H15lacZ (red) and anti-En staining. (G) Ventral-most cells. The ventral channel glia co-express H15 and En (arrowhead).
(H) More dorsally located cells. H15lacZ and En are co-expressed in two cells in the lateral-most part of the ventral nerve cord (arrow). (I) Dorsal-most cells. H15lacZ
and En are co-expressed in the dorsal channel glia (arrowhead) and two cells in the lateral-most part of the ventral nerve cord (arrow). (J) Stage 14; mid RNA-positive
cells at the ventral midline. (K) Stage 14: H15lacZ (red) and En (green) expressing cells at the ventral midline. The putative progeny of the MNB co-expresses H15lacZ
and En (arrowhead). (L) Stage 16;mid RNA in situ.mid expression at the ventral midline is restricted to the channel glia (arrowhead). (M) Stage 16; H15lacZ (red) and
anti-En-positive cells at the ventral midline. High levels of H15 expression are maintained in the channel glia (arrowhead). (N) Stage 16; H15lacZ (red) and anti-Wrp
(green) staining. H15 is not expressed in the midline glia (bracket). Black (white) lines indicate the ventral midline. (A–M) Ventral view with anterior up. (N) Lateral
view with anterior up.
422 M. Buescher et al. / Developmental Biology 292 (2006) 418–429glial marker Repo (Halter et al., 1995) in the dorsal and ventral
channel glia and two lateral subperineural glia (Figs. 3D–F).
These cells also express En (Figs. 3G–I), suggesting that they
are identical to the previously described En-positive glial
progeny of NB7-4 (Schmid et al., 1999; Schmidt et al., 1997).
mid/H15 and En are co-expressed in NBs 1-2, 7-2 and 7-4.
However, co-expression in most of their progeny is transient
and in the stage 16 lateral nerve cord is restricted to two to three
cells, including the lateral subperineural glia (Figs. 3H–I). A
similar situation was found at the ventral midline: the MNB
stains positively for mid RNA/H15lacZ and En protein (Figs.
2B, D, F) and at stage 14 the En-positive progeny of the MNB
express mid/H15 (Figs. 3J, K). However, mid/H15 expression
subsequently decays and at stage 16 mid/H15 expression at the
ventral midline is restricted to the dorsal and ventral channel
glia (Figs. 3L, M). Notably, mid/H15lacZ expression was never
observed in the midline glia which derive from the region
anterior to the En domain (Fig. 3N).Our analysis of the mid/H15 expression patterns demon-
strates that these genes are co-expressed in the NE from which
row 6, row 7 and early row 1/2 NBs arise. mid/H15 are also co-
expressed in the MNB, NB7-2, NB7-4, NB1-2 and NB2-5 and
at least a subset of their progeny. Due to the lack of appropriate
markers, the lineages of NB7-2, NB1-2 and NB2-5 have
remained among the least studied lineages in the VNC. The
observation that these NBs are part of a very small group ofmid/
H15 expressing NBs will greatly facilitate the analysis of their
respective lineages.
The role of mid in the formation of neuroblasts
To investigate the roles ofmid/H15 in the development of the
VNC, we examined the mutant phenotypes associated with mid
and/or H15 loss-of-function alleles. In this study, we used the
alleles midGA174, mid1, mid2 and H15x4, and a combination of
the deficiencies GpdhA and x528. Detailed descriptions of these
423M. Buescher et al. / Developmental Biology 292 (2006) 418–429alleles have been published elsewhere (Nusslein-Volhard et al.,
1984) (Buescher et al., 2004; Miskolczi-McCallum et al., 2005).
Briefly, midGA174 and mid1 are EMS-induced, putative
amorphic alleles, while mid2 is an EMS-induced strong
hypomorphic allele. H15x4 is a deletion of the H15 locus and
the combination of deficiencies x528 and GpdhA deletes only
mid, H15 and one additional predicted gene (CG31647) of
unknown function.Fig. 4. mid is required for NB formation in row1/2. (A–B) Stage 9; SI NBs in two odd
(A) wt; (B) midGA174. Brackets indicate the three ventral-most NBs. Arrows mark NB
and the NB2-5 positions in panel B. (C–D) Stage 9; first-born GMCs of NB1-1 (GM
panel D, note the absence of GMC1-1a in alternating segments. (E–F) Late stage 10; S
corresponding to row 1/2, in the NB layer in alternating segments (arrowheads). (G–H
H, note that here is no loss of lateral NBs but a loss of En-positive cells at the ven
Asterisks mark NB2-4 (I) or the NB2-4 position (J). (A–F) Ventral view with anteriorDuring embryonic stages 9–11, when NB formation takes
place, mid/H15 RNA is expressed in the NE from which row 6,
row 7 and early row 1/2 NBs arise. To determine whether mid/
H15 play a role in the formation of these NBs, we examined
mid and H15 single mutant and mid/H15-deficient embryos
with the anti-Wor antibody which labels all NBs. At early stage
9, Wor expression in wt embryos is found in four NBs which
arise from mid/H15-positive NE: NB1-1 and NB2-5 (row 1/2),- (“O”) and one even-numbered (“E”) abdominal segment labeled with anti-Wor.
1-1 in A and the NB1-1 position in panel B; asterisks indicate NB2-5 in panel A
C1-1a) and NB7-1 (GMC7-1a) labeled with anti-Eve. (C) wt; (D) midGA174. In
I–SIV NBs labeled with anti-Wor. (E) wt; (F)midGA174. In panel F, note the gaps,
) Stage 11; row 6 and 7 NBs labeled with anti-En. (G) wt; (H) midGA174. In panel
tral midline (arrowhead). (I–J) Stage 11; anti-Eg staining. (I) wt; (J) midGA174.
left. (G–J) Ventral view with anterior up. Black lines indicate the ventral midline.
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midGA174 mutant embryos revealed a frequent loss of Wor
expression in row 1/2 NBs, with a strong bias towards odd-
numbered abdominal segments: for example, NB1-1 was lost in
68.7% of the odd-numbered abdominal segments compared to
only 5% loss in even-numbered abdominal segments (Fig. 4B
and Table 1). NB formation was also affected at the NB2-5
position, albeit less severely (Table 1); for example: in
midGA174 mutant embryos, NB2-5 was lost in 32% of the
odd-numbered and 7% of the even-numbered abdominal
segments. By contrast, formation of early row 7 NBs was
found to be unaffected in midGA174 mutant embryos. Staining
of stage 9 mutant embryos with an antibody against Ase
(Jarman et al., 1993), an additional marker for all delaminated
NBs, confirmed these results (data not shown). The neuronal
marker gene even-skipped (eve) is not expressed in NBs, but in
stage 9 wt embryos, Eve protein is present in the first-born
progeny of the SI NBs 7-1 and 1-1; thus the presence of Eve-
positive GMCs represents a read-out of NB formation within
row 7 and row 1/2 (Patel et al., 1989). Staining of stage 9
midGA174 mutant embryos revealed that GMC7-1a formed
normally but GMC1-1a was frequently absent in odd-
numbered segments (Figs. 4C, D). This supports the observa-
tions that (a) mid function is required for SI NB formation in
row 1/2 predominantly in odd-numbered segments and (b) that
mid is dispensable for SI NB formation in row 7.
Previous studies have shown that while some segment
polarity genes control the formation of early- and late-born
NBs within their activity domain (for example gsb; Skeath et
al., 1995), others are only required for late forming NBs (for
example wg; Chu-LaGraff and Doe, 1993). To investigate
whether mid plays any role in the formation of later-born NBs
(SII–SV), we stained mid mutant embryos with markers which
label either all NBs or identified subsets of NBs. In late stage
11 wt embryos, all NBs have delaminated and form a
continuous two-dimensional sheet. In midGA174 mutant
embryos, a frequent loss of Wor expression, predominantly
in odd-numbered abdominal segments, resulted in a fragmen-
ted appearance of the NB sheet (Fig. 4F). This indicates that
early and late-born NBs are lost in mid mutant embryos. To
determine if the loss of mid affects the formation of late-bornTable 1
Loss of mid, but not H15, results in the loss of NBs predominantly in odd-
numbered abdominal hemisegments
NB loss in segments A1–A8
Genotype: NB1-1 (%) NB2-5 (%) NB2-4 (%)
Even Odd Even Odd Even Odd
mid1/mid1 6.8 77.3 n.d. n.d. n.d. n.d.
mid1/midX528 5 80 n.d. n.d. n.d. n.d.
midGA174/midGA174 5 68.7 7 32 3.6 19
midGA174/midX528 9.7 70.8 8.3 29 4.1 17.8
midX528/midDf(2L)GpdHA 4.8 78.8 16.8 34 4 20.4
NBs 1-1 and 2-5 were scored in stage 9 mutant embryos stained with anti-Wor.
NB2-4 was scored in stage 11 mutant embryos stained with anti-Eg. For each
NB, 80 hemisegments were counted.NBs in rows 6 and 7, we labeled NBs with an antibody against
En which is at least transiently present in all row 6 and row 7
NBs and the MNB. Staining of stage 11 midGA174 mutant
embryos did not reveal any loss of En-positive NBs in the
lateral CNS indicating that the requirement for mid in NB
formation is restricted to row 1/2. However, occasionally, we
found a loss/reduction of En expression in the position of the
MNB which forms slightly posterior to the En stripe (Figs. 4G,
H). This loss/reduction occurred almost exclusively in odd-
numbered abdominal segments. The conclusion that mid
function is not required for NB formation in rows 6 and 7
was corroborated by examination of the NB marker gene eg.
In wt embryos, Eg is expressed in NB7-3, NB6-4, NB2-4,
which derive from mid/H15-positive NE, and in NB3-3
(Higashijima et al., 1996). In mid mutant embryos, we
occasionally observed a loss of Eg expression in NB2-4
position (17.8% loss) but not in the NB6-4 and NB7-3
positions (Figs. 4I, J; Table 1). As seen for other row 1/2 NBs,
loss of NB2-4 occurred predominantly in odd-numbered
abdominal segments. Finally, we monitored the formation of
the anterior glioblast which arises in the lateral-most position
of row1/2. Staining of stage 10 mid mutant embryos with the
glial marker anti-Repo revealed that the glioblast forms
normally (data not shown) confirming an earlier study (Jacobs
et al., 1989).
The loss-of-function phenotype of mid with respect to NB
formation is only partially penetrant in midGA174 embryos. The
most severely affected progenitor cell, NB1-1 in odd-numbered
abdominal segments, fails to form in 68.7% of the hemiseg-
ments. In 31.3% of the odd-numbered hemisegments, an NB
still forms and expresses Wor and Ase. Consistent with the
notion that midGA174 and mid1 are amorphic alleles, no
significant increase in the loss of NB1-1 was found in
midGA174/deficiency or mid1/deficiency hemizygotes (Table 1).
This raises the question of whether the mid paralog H15 can
compensate for the requirement for mid. Deletion of the H15
gene alone (H15x4) had no effect on the NB formation (data not
shown). Moreover, removal of both copies of the mid and H15
genes (dfGpdhA/x528) did not appreciably enhance the loss of
NBs indicating that H15 plays no role in NB formation even in
the absence of mid (Table 1).
In summary, our results show that mid, but not H15, plays
an essential role in the formation of early- and late-born row 1/
2 NBs predominantly, but not exclusively, in odd-numbered
abdominal segments. This requirement for mid reflects the
neuroectodermal expression of mid posterior to the En domain
and its segmental differences (compare Fig. 1, cartoon). Earlier
studies had indicated that an additional segment polarity gene,
patched (ptc), is required for the formation of row 1/2 NBs.
This raises the question of whether mutual regulatory
interactions between mid and ptc underlie the requirement
for both genes. We have previously reported that loss of mid
does not result in changes of the ptc expression pattern
(Buescher et al., 2004), and mid expression is not affected by
ptc mutants (M.B., unpublished results). Mutation of either
mid of ptc alone does not result in a complete loss of NB
formation in row 1/2 suggesting that these genes may have
425M. Buescher et al. / Developmental Biology 292 (2006) 418–429partially redundant functions in NB formation. However, in
mid/ptc double mutants, odd-numbered segments are shorter
than in wild-type embryos by approximately two rows of cells
in the neuroectoderm posterior to the en domain (the region
from which row 1/2 NBs delaminate) (Buescher et al., 2004).
Thus, mid and ptc appear to have redundant functions inmaintaining the integrity of the neuroectoderm. This early
defect makes a proper interpretation of subsequent events in
NB formation impossible.
The defects in NB formation in mid mutant embryos do
not reflect the neuroectodermal expression of mid within the
En domain where mid function is dispensable. This apparent
lack of mid function may be explained by a functional
redundancy of individual segment polarity genes with respect
to NB formation. A functional redundancy of the hh and wg
genes in the formation of NB7-3 has been reported
(Matsuzaki and Saigo, 1996) and it is conceivable that
segment polarity genes with expression domains overlapping
that of mid, such as en and hh, may compensate for the loss
of mid. Although it has long been established that loss of
segment polarity gene function results in the loss of NBs, the
molecular mechanisms by which segment polarity genes
promote NB formation have remained unclear. Further studies
are required to determine regulatory interactions between the
segment polarity genes and the proneural genes of the AS-C
and the NB-promoting gene SoxNeuro (Buescher et al., 2002;
Overton et al., 2002).
The role of mid in NB specification
Individual NB identity is specified in the NE by the
overlapping expression of segment polarity and dorso-ventral
patterning genes and loss of segment polarity gene function
results in misspecification of NBs along the antero-posterior
axis. We have previously shown that mid functions in the NE
to break the symmetry of Hh-signaling and loss of mid results
in ectopic neuroectodermal Wg expression posterior to the En/
Hh domain (Buescher et al., 2004). In wt embryos, Wg-
positive NE gives rise to the row 5 NBs, all of which are Wg-
positive at the time of birth (Chu-LaGraff and Doe, 1993). To
examine whether the ectopic neuroectodermal expression of
Wg results in ectopic Wg expression in NBs we stained stage
11 mid mutant embryos with the anti-Wg antibody. We
observed Wg-positive NBs in row 1/2 predominantly in odd-
numbered segments (Fig. 5B). Ectopic Wg in NBs was only
partially penetrant and highly variable with respect to the DV
position (identity) of the affected NBs, most probably
reflecting the substantial loss of NBs in this region. Removal
of both copies of mid and H15 (x528/dfGpdHA) did notFig. 5. Loss of mid results in the misspecification of NBs. (A–B) Stage 11
embryos double-labeled with anti-Wg (purple) and anti-En (brown). (A) wt; (B)
midGA174. Note the ectopic expression of Wingless (indicated by “b”) in row1/2
NBs in odd-numbered (“O”) segments. (C–D) Stage 9 embryos stained with
anti-Mirr. (C) wt; (D) midGA174. Note the reduction of neuroectodermal Mirr
expression, predominantly in odd-numbered (“O”) segments. (E–F) Stage 11
embryos stained with anti-Mirr. (E) wt; (F) midGA174. Note the loss of Mirr
expressing NBs, predominantly in odd-numbered (“O”) segments. Also note
that the formation of NB6-1 is not affected (arrowheads). (G–H) Stage 11
embryos labeled with anti-Eg. (G) wt; (H) midGA174. In panel H, note the gain of
Eg expression in NB7-4. (I–J) Stage 11 embryos doubled-stained with anti-Eg
(black) and anti-En (brown). (I) wt; (J) enGal4;UAS-mid. In panel J, note the
absence of Eg expressing NBs within the En domain (brackets). Black lines
indicate the ventral midline. (A–J) Ventral view with anterior up.
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mid, but not H15, is required to prevent the formation of Wg
expressing NBs in row 1/2 in odd-numbered abdominal
segments.
Row 1/2 NBs are distinguished from NBs in adjacent
rows by the expression of Mirror (Mirr) (McNeill et al.,
1997). Mirr expression is initiated during stage 7 in
transverse stripes in the NE. Across the ventral midline,
the neuroectodermal expression of Mirr extends further
anteriorly by 2–3 rows of cells (Fig. 5C). All row 1/2
NBs, the MNB and NB6-1 are at least transiently Mirr-
positive (Fig. 5E). Staining of stage 7 midGA174 mutant
embryos revealed a strong reduction of neuroectodermal Mirr
expression (Fig. 5D). Loss of Mirr expression was more
pronounced in odd-numbered segments. In stage 10 midGA174
mutant embryos, a strong loss of Mirr was observed in the
row 1/2 NB layer predominantly in odd-numbered abdominal
segments (Fig. 5F), which arises through the additive effects
of the loss of Mirr expression in the NE (which occurs prior
to NB formation) and the general loss of row 1/2 NBs. The
severity of the phenotype was not enhanced in mid/H15-
deficient embryos (data not shown). It is noteworthy that the
loss of Mirr function itself (mirrcre2) does not result in
defects in NB formation suggesting that mid does not
promote NB formation via Mirr (M.B., unpublished data). In
summary, Mirr expression represents a further aspect of row
1/2 NB identity and mid, but not H15, contributes to the
specification of this identity by promoting the expression of
Mirr in odd- and to a lesser extent in even-numbered
abdominal segments. The consequences of the loss of Mirr
function in NB specification and lineage elaboration are as
yet unknown.
To investigate whether loss of mid/H15 results in additional
misspecifications of NBs, we stained midGA174 mutant embryos
with the anti-Eg antibody (Higashijima et al., 1996). In wt, mid/
H15 and Eg expressing NBs are close neighbors but expression
of these genes appears mutually exclusive (see Fig. 2G). In mid
mutant embryos, we observed ectopic Eg expression in NB7-4
(12%, Table 2; Figs. 5G and H), in both odd- and even-
numbered abdominal segments. By contrast, removal of the
H15 gene alone did not result in ectopic Eg expression.Table 2
Loss of mid and H15 results in the misexpression of marker genes
Genotype % HS
with ectopic
Eg in NB7-4
% HS
with extra
Eve+ cell
% HS with no
En+ midline
neurons
mid1/mid1 14 62.8 n.d.
mid1/midX528 23 81.6 n.d.
mid2/mid2 n.d. 53.8 n.d.
mid2/midX528 n.d. 86 n.d.
midGA174/midGA174 12 48.5 12
midGA174/midX528 26.5 77.8 22.3
midX528/midDf(2L)GpdHA 37.8 91.6 27
Ectopic Eg expression was scored in stage 12 mutant embryos (60
hemisegments were counted). Ectopic Eve expression was scored in stage 16
mutant embryos (220 hemisegments were counted). Loss of En expression was
scored in 16 mutant embryos (80 hemisegments were counted).However, removal of both copies of mid and H15 (x528/
dfGpdHA) caused an enhancement of the phenotype (37.8%)
indicating that in the absence of mid, H15 contributes to the
regulation of Eg expression. These results indicate that both mid
and, to a lesser extend, H15 act as negative regulators of Eg
expression.
A role for mid in the negative regulation of Eg expression
was surprising since in wt embryos, two of the Eg-positive
NBs (NB6-4 and NB7-3) derive from mid/H15-positive NE.
However, in contrast to NB7-4, NB6-4 and NB7-3 rapidly
lose mid/H15 expression during NB formation while mid/H15
expression in NB7-4 is not only maintained but also
upregulated. These results suggest that, in NB7-3 and NB6-
4, mid and Eg expression occur consecutively while prolonged
expression of mid in NB7-4 prevents Eg expression. To test
this hypothesis, we extended the expression of mid in NB6-4
and NB7-3 using enGal4 to drive the expression of mid
(Brand and Perrimon, 1993). Staining of stage 11 embryos
with anti-Eg revealed a complete loss of Eg expression in the
NB6-4 and NB7-3 positions (Fig. 5J). In addition, ectopic
expression of mid with the pan-neural driver scabrousGal4
(scaGal4;UAS-mid) resulted in a nearly complete absence of
Eg expression (data not shown). These results confirm that
high levels of mid negatively regulate the expression of Eg in
NBs. The ectopic expression of Eg in mid mutant embryos is
restricted to NB7-4, indicating that the absence of mid per se
is not sufficient to permit Eg expression. The regulation of Eg
expression involves positive acting factors such as Hueckebein
and En which have locally restricted expression patterns
(Lundell et al., 1996). Our finding that mid negatively
regulates Eg in NB7-4 indicates that Eg expression in
individual NBs is achieved by a combinatorial code of
positively and negatively acting factors.
In segment polarity gene loss-of-function mutants, NBs are
often misspecified, such that NBs which form in one particular
row adopt the identity of NBs which develop in an adjacent
row. Earlier studies have suggested that row 3/4 NB
specification versus row 1/2 specification is accomplished by
Wg signaling which is thought be high in row 3/4 and low or
absent in row 1/2 (Chu-LaGraff and Doe, 1993). Consistent
with such a role for spatially restricted Wg signaling, ectopic
Wg expression seems sufficient to induce row 1/2 NBs to
acquire row 3/4 identities (Bhat, 1996). In mid mutant
embryos, ectopic Wg expression in the NE of row 1/2 appears
at stage 9, the time from which SII to SV NBs form. This
prompted us to ascertain if loss of mid function causes row 1/2
NBs to adopt a row 3/4 identity. To score row 3/4 identity, we
examined the neuronal marker protein Eve which is expressed
in the progeny of two row 3/4 NBs: the RP2 neuron which
derives from NB4-2 and the EL neuron cluster which derives
from NB3-3 (Patel et al., 1989). Staining of stage 16 midGA174
mutant embryos did not show ectopic EL neuron clusters
indicating that there is no duplication of a NB3-3 identity
(Figs. 6A, B). However, in mid mutant embryos, we observed
a gain of Eve expression in one neuron per hemisegment,
located at an antero-posterior position similar to that of RP2.
This extra Eve-positive cell is located lateral to the wt RP2 cell
Fig. 6. Loss of mid results in ectopic Eve expression. (A–B) Stage 16 embryos stained with anti-Eve. (A) wt; (B) mid/H15. Brackets indicate the EL neuron cluster. In
panel B, arrows indicate extra Eve-positive cells; the arrowhead marks the RP2 neuron. (C–D′) Anti-βgal staining of RN2Gal4,UAS-tauLacZwhich drives expression
in a subset of Eve-positive cells. (C) wt; (N) delineates the RP2 axon. (D–D′) mid/H15. Arrows indicate the extra Eve-positive cells. b Indicates the axon of the extra
Eve-positive cell. Panel D′ is a higher magnification of panel D. Asterisks mark the aCC/pCC neurons in wt (C) or the aCC/pCC position inmid/H15 (D). Anterior is to
the left in all panels.
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no preference for odd-numbered segments (midGA174, Table 2).
Removal of both copies of mid and H15 (x528/dfGpdHA)
resulted in a strong enhancement of the phenotype (91%
ectopic Eve) indicating that, in the absence of mid, H15 plays
a role in the restriction of Eve. Using an eveGal4 driver to
direct tau-lacZ expression (midGA174;RN2Gal4/UAS-taulacZ),
we established that the extra Eve-positive cell projects its axon
towards the ventral midline (Fig. 6D′), in contrast to the wt
RP2 motorneuron which has a lateral axon projection which
exits the VNC. Hence, this cell is not an extra RP2 neuron and
does not indicate a duplicated NB4-2 lineage. However, we
were unable to identify its parental NB.
We did not find any evidence for row 1/2 NBs adopting row
3/4 identities in mid mutant embryos although it is conceivable
that ectopic Wg expression in mid mutant embryos occurs too
late (stage 9) to cause a change of NB identities.
The mature VNC of mid/H15 mutant embryos is characterized
by neuronal/glial loss and misspecification
To assess defects in the mature VNC, we analyzed mid/H15
mutant embryos with the anti-En antibody. At stage 16 of
embryonic development, each wt hemisegment contains three
clusters of cells with high levels of En expression (Fig. 7A): a
small cluster of 2–3 En-positive cells at the lateral-most
border of the VNC, a larger cluster comprising 5–6 cells is
located in a medio-lateral position and 5–7 En-positive
neurons and the channel glia at the ventral midline. mid/H15
are co-expressed with En at different stages in neurogenesis
and hence loss of mid/H15 may affect NB specification,
lineage elaboration and neuronal/glial differentiation. Stainingof stage 16 midGA174 mutant embryos with the anti-En
antibody revealed a severely aberrant En expression pattern.
We observed a frequent loss of the lateral-most En-positive
cell clusters (Fig. 7B) while the En positive medio-lateral
cluster contained fewer cells (3–4 instead of 5–6) and the cells
were spatially disarranged. At the ventral midline, the number
of the En-positive neurons was reduced to 4–5 cells in most
segments and completely absent in 12% of the segments (Fig.
7D; Table 2). The channel glia frequently showed migration
defects or were absent (data not shown). In H15 single mutant
embryos (H15x4), no loss of En-positive neurons was found
(data not shown). However, removal of both copies of mid and
H15 (x528,df-GpdHA) enhanced the severity of the mid single
mutant phenotype (Table 2). Defects were observed with
similar frequencies in odd- and even-numbered segments
reflecting the observation that mid/H15 expression in NBs and
their progeny shows no segmental differences.
In summary, mid and, to a lesser extent, H15 play an
important role in the formation of the En-positive cells of the
VNC. At which step in neurogenesis do mid/H15 facilitate the
formation of En expressing neurons? Since mid and H15 are not
required for the formation of En-positive NBs, they may act in
NBs to control lineage elaboration. Alternatively, mid/H15 may
act in post-mitotic cells to maintain the expression of En. These
possibilities are not mutually exclusive and require further
investigation.
Conclusions
Here we have presented a study on the functions of the
segment polarity genes mid and H15 in neurogenesis. We have
shown that mid and H15 are expressed in the NE from which
Fig. 7. Loss of mid results in the loss and spatial disorganization of En-positive
cells. (A–D) Stage 16 embryos stained with anti-En. (A, C) wt; (B, D) midGA174
double mutant. Arrows indicate the lateral-most En-positive cells. Arrowheads
mark the En-positive midline neurons (A, C) or the position of the midline
neurons (B, D). (A–D) Dorsal view with anterior up.
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is maintained in a small subset of NBs and some of their
putative progeny. Like many other segment polarity genes,
mid has a dual function in the NE: it is required for NB
formation within its expression domain (the anterior-most part
of the segment). In addition, mid contributes to the
specification of row 1/2 NBs by regulating aspects of the
gene expression profile characteristic for this row. Analysis of
H15 single and H15/mid-deficient embryos indicated that H15
plays no role in these processes although it has some
functional activity in later aspects of neurogenesis (this
study) and other developmental processes (Buescher et al.,
2004; Miskolczi-McCallum et al., 2005; Qian et al., 2005).
However, even in those instances where H15 is functionally
active, it plays a minor role which is only revealed in the
absence of mid. For example, loss of mid function alone
results in some ectopic expression of Eagle while loss of H15
alone does not. However, concomitant loss of both copies of
mid and H15 results in an increase of ectopic Eagle. The
differential effect on Eg expression is not due to differentexpression levels of mid and H15 which are approximately
equal in NBs and must reflect the different intrinsic properties
of both proteins although the molecular basis of these
differences in protein activity is unknown. The lack of any
function of H15 in the formation and early specification of
NBs is most probably due to the combination of low H15
protein activity and the low level of H15 expression prior to
stage 9.
Our studies revealed that the function of mid in NB
formation and specification is required predominantly in odd-
numbered abdominal segments. Thus, it is likely that additional
factor(s) exist which plays a similar role, predominantly in
even-numbered segments. We searched the Drosophila genome
for additional T-box proteins with neuroectodermal expression
patterns (Flybase). The Drosophila genome contains eight
known genes which encode T-box proteins: omb, byn, org-1,
Doc1, Doc2, Doc3, mid and H15 (Buescher et al., 2004; Griffin
et al., 2000; Poeck et al., 1993; Reim et al., 2003; Singer et al.,
1996). However, besides mid and H15, none of these are
neuroectodermally expressed suggesting that the factor(s)
required in even-numbered segments may not be T-box
proteins. As increasingly more expression profiles of individual
genes become available, suitable candidates should become
obvious.
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